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KNOCK-LIMITED POWER OUTPUTS FROM A CFR ENGINE
USING INTERNAL COOLANTS
IT - SIX ALIPHATIC AMINES

By Donald R. Bellman, W. E. Mosckel
: and John C. Evvard

SUMMARY

Iin investigation was conducted to determine the knock-limited -
performance of AN-F-28, Amendment-2, fuel in a CFR engzine when water
solutions of the following aliphatic emines were added as internal
coclants: monomethylamine, dimethylemine, ethylenediamine, diethyl-
emine, tristhylemine, and butyleamine. All of the internal-coolant
solutions consisted of 25 percent amine and 75 porcent water except
for monomethylemine and dimethylamine solutions, which hada slightly
higher percontage of amine. The internal cocolant-fuel ratio was
0.50 in most cases, but tests were run using water and water solu-
tiong of dimethylamine at a coolant-fuel ratio of-0.75. Comperison
curves wers run with no internal coolant.and with water alone as an
internal coolant. Bxperiments were conducted to determine the effect
of increases in fuel flow and internal-coolent flow at constant air
flow cn the power output when the engine was opsrating at a high
power level by means of the indjection of dimethylamine-water solution.

For fuel-air ratios between 0.055 and 0.095, the addition of.”
the diethylamine, triethylaminc, and butylamine solutions decreased
the knock-limited power. A knock-limited indicated mean gffective
pressure of 1024 pounds per square inch was obtained at a fuel-air
ratioc of 0.093 when using the dimethylamine-water solution at a s
coolant-fusl ratio of 0.75. ; e

—
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INTRODUCTION : ‘ -

An investigation is being conducted at the NACA Cleveland labo-
ratory to determine ths increasc in knock-limited power obtainable
by the use of internal coolants in a CFR engine. Preliminary tests
reported in reference 1 have shown that water solutions of two ali-
phatic amines - monomethylamine and dimethylamine -~ were extremely
effective in increasing the knock-limited performance of AN-F-28 fuel.

£dditional tests (veference 2) of these two amines wers there-
fore conducted over a wider range of operating conditions. A knock-
limited indicated mean effective pressure of 267 pounds per square
inch was obtained at that time at a fuel-air ratio of 0.092 when a
dimethylamine-water solution (coolant-fuel ratio, 0.75) was used.
Completion of the tests was prevented by the failure of the engins
" cyvlinder. The use of dimethylamine-water solution as an internal-
coolant might prove to be useful in the structural testing of various
types of engines. Without encountering knock, cylinder pressures -
could be attained that are greater than most cyllnaers can withstand,
The cylinder temperatures of such a test, however, would not be
comparable with tliose of tests of fuel alone, Despite the increase
in power experienced with the solution of dimethylamins and water,
this sclution has disadvantages for use in aircraft, one being high
volatility. With the hope  that a good antiknock agent can be found
with favorable phvs1cal characterlstlcs many add+tlondl compounds
are to be tested. :

The present report presents the results of tests of four addi- e
tional compounds: ethylenediamine, diethylamine, triethylamine, R
and butylemine. The equipment was eimilar to that of reference 2
except that a stronger engine cylinder was used and certain changes
were made in the ignition system. The test of a dimethylamine-water
golution at 0.75 coolant-fuel ratio was repeated'in the stronger
cylinder bscause the previous data were incomplete. Tests of !
moncmethylamine-water solution and dimethylamine-water solution at '
a coolant-fuel ratio of 0.50 were also repeated in order to obtain
results corparzble with the other amines. The drowning effect of
the internsl coolant and of the fuel were determined by increasing
the liquid flow at constant air flow until there was a considerabls
decrease in power,

-
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INTERNAT, COOLANTS
- The fdllbwing sevén internal-coolant solutions were tested:

(a) water

(b)YSé pércent‘by‘weight monamethyléminé invwatér
~(c¢) 26 percent by weight diﬁethylamine in water
(d) 25 percent by weight ethylenediamine in wétef
(e) 25 pércent by weight disthylamine in water
(f) 25:§ercent by weight triethylamine in water
(g) 25 percent by weight butylamine in water

All of the monomethylamine-water solution and most of the
dimethylamine-water solution werc obtained commercially. All
-Other solutions were prepared at this laboratory from commercial
grade emines. Distilled water was used for most solutions because
tap water gave a cloudy precipitate when mixed with some of the
anines. . C

When the values for this report were ccmputed the heats of
combustion of the amines were not taken intc account, Therefcre
vhen the word "fuel" is used it indicates only AN-F-28, Amendment-2,
fuel. The gross heats of combustion for the six amines in the liquid
state obtained from reference 3 are as follows:

Amine - Gross heat of
IR combustion L o
\ (Btu/1b)" |

Monomethyleamine - 14,350

Dimethylamine . . 16,390

Ethylenediamine . 10,210

. monohydrate = . o .
Diecthylemine =~ ~ 17,810
Triethylamine © 18,560 -

- Butylamine =~ ' ' 7. 17,650
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ENGINE AND ATXILTARY EQUIPMENT

The test setup was the same as that used in part I (refer-
ence 2) except for the engine cylinder and the ignition system.
The cylinder used differed from a standard F-4 cylinder in four
vays: : . : o

1. The inside corner of the combustion chamber between the
roof znd the side wall was machined with a 1/4-inch fillet.

2. The roof and the upper part of the side wall were increased
in thickness from 1/4 to 3/8 inch. '

3. The top lS-milliﬁeter"hole was slanted 25° to the vertical.

4, Two sdditicnal horizontal lB—millimetér spark-plug holeé
were provided. ~ .

Figure 1 shows cross-sectional views of this cylinder. Two spark
plugs and a magnetostriction knock pickup were located &s ghown in
the figure. The top hole was plugged. '

The cylinder was held in a standard cylinder sleeve, and this
slesve was fastened to the crankcase with oversize, heat-treated
gtuds. A heavy beam was placed over the engine and supports were
comnected to the top of the cylinder, minimizing demage to the engine
and danger to the operators in case of a failure of the ¢ylinder hold-
down mechenism. The beem could take the entire upward thrust of the
cylinder if the other fastenings failed. '

TEST PROCEDURE

Tests were conducted using the seven internal coolants at a
coolant-fuel ratio of 0.50 and using water and dimethylamine-water
golution at a coolant-fuel ratio of 0.705. The following engine '
conditions were maintained for all testsy -+~ .o~

Engine speed, TPM « o o s & o s, o oos i 00 e e < .. 2500 -
Compression Tabio v o v e o o o o i v e vow e e v e o ox 1.0
Spark advance, deg B.T.C. ' s v o o« +e—iTe -
Inlet-air temperature, OF . i oie o o i s e e e ee s e e 4 250. .
Jacket temperature, OF e e e e s T =10

A single batch of'AN~F428;'Ameﬁﬁﬁéntlz;ifuél*ﬁaéiﬁgédufér.sothfbarfs*’;:f‘""""

of the present series of tests (reference 2 and this paper).
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Each internal-coolant solution was tested by injecting it
intermittently into a modified F-4 intake meanifold through a sPray
nozzle adjacent to the fuel nozzle. Fach test consisied in deter-
mining the knock-limitsd poerformance for a series of points covering
the normal range of fuel-air ratios. Most of the tests Welu carried
into the lean and the rich regions until rough running Was encouri-
tered, but the tost of dimethylamine-water solution at a coolant«:
fuel ratJo of 0.75 was cut short in the rich reglon by a limiting
inlet-air pressure of 228 inclies of mercury absolute. As soon as
the data were recorded for each point, a test was made for after-
firing by turning off the ignition switch end observing the pressure
trace on the oscilloscope. The ignition switch was left off until
afterfiring had ceased or until 10 scconds had elapsed.

Expurlmenus werc also conducted to dotsrmine the effect of
increases in fusl flow and internasl-coolant flow &t constanb air
flow on ths power output when the engine was operating at a high
power level by means of the injection of dimethylamine-water solution.
The ¥nock limit was first determined by setting the fuel and the
~coolant flows for a codlant-fuel ratio of 0.75 and then increasing
the inlet-air pressure until knock was observed. Three factors were
then varied in turn: (1) fuel flow; (2) coslant flow; and (3) cool-
ant and fuel flow, maintsining coclant-fuel ratio of 0.75. In each
case the vari ablg vas ircreased until there was at, least a 10- purcant
decrease in the power, and data wers recorded while the variation was
being made., This pfocedure was repeated at three additional power
levels. ' : N ‘ ’ '

PREoENmATTJN AND DISCUS SION OF RESULTS

The knock-1itited indlbﬂted mean uLfGCUlVb pressurb, “the 1ndi-r
cated specific fuel consumption, the indiczted gpecific 1liquid eon-
- sumption, ard the knock-~1imited inlet-air Lressure plouted egainst .
fvel-air ratio are prcsonted for AN-F-28, hinendment- 2, fuel with and
without each of the seven internasl coolants, -Tests of fuel ailone
- were run on the ssme dey as’ each gr vp of inbernal cool ants, .and
each curve sheet of figures 2 and 3 wressntis the resu;t obFa;ned ‘
nearest to the time of the other tests sliown' on that Sert These PSS
tests of fuel alone are not in so close agreement as is usually :
expected, presumably becauss of ‘the high powers to which the engine
was subgected durlng somb of the internal-coolant tests.f;,

. Flgare 2 presents the data of the tests of water and of Ve
- dimethylamine-watoer solutlon when 2dded &t a. coolant fucl railo of
0.75. When water alone was uscd ag the internal coolant uneven
firing was encountered for fuel-air ratios greater than&o 10. When




"6 : NACA ACR No, E5H31 -

dimethylamine-water solution was used, afterfiring occurred at all
points with fuel-air ratios less than 0.09; between fucl-air ratlos
of 0.045 and 0.083 the afterfiring meinvained itself for at least
10 seconds. Autoadvancing prcignition was not encountered. The
test of dimethylamine-water solution was cut short by a limiting
inlet-air pressure of 228 inches.of mercury absolute when running
at a fuel-air ratio of 0.093 and an indicated mean effoctive pros-
sure of 1024 pounds per square inch. No engine failurc was spparent
while running at this power but, during the next overhaul, radial
cracks were noticed in the cy¢1ﬁder worm wheel and these cracks
presumably occurred during this test,

Results of tests made with the seven internal coolants when
added at a coolant-fuel ratio of 0.50 are plotted in figure 3.
Results with water solutions of monomethylamine and dimethylamine | : ,
are presented in figure 3{a). The zddition of either monomethyl-= : IR
amine or dimethylamine to the water greatly improved the knock- R
limited pcrformance. Monomethylamine seemed to be best in the lean -
region and dimethylamine in the rich. This trend was demonstrated
in reference 2; the curves of reference 2 and those presented herein
cannot be rigidly compared beceuse of the different cylinders and
ignition systems used. The injection of water alone gives a flat
power curve with very poor performance in the lean region. No after-
firing was encountered with dimethylamine, but afterfiring was -
observed with monomethylamine for all polnts between .fuel-air ratios
of 0.05 and 0.10. Afterfiring lastlng at least 10 scconds ex1sbed
for fuel-air ratios between 0.06 and 0.09. ~ ‘

The test rosults presented in figure 3(b) are for water solutions

of ethylensdiamine, diethylemine, triethylamine, and butylamine when

injected at & coolant=-fuel ratio of 0.50. For fuel-alr ratios between 7
0.055 and 0.095 the roplaccment of 25 percent by weight of the vater
with diethylamine, triethylamine, or butylamine decreased the knock-
limited power relative to that obtdinable with water alone. 'Inasmuch -

as this decreasc in power covers most of the normal- operatlnﬁ fuel- - ‘
air-ratio range, these threc amines cannot be considercd as effuctive
-antiknock internal- coolant additives, . The addltlon of ethylenediamine

appears to permit a considerable increase 1n the. knock-limited pover.

In the lean region near the st01ch10metrlc mixture this increage is .f ]

greatér than that obtained with dimethylamine (fig. '3(a)), but- in the’

rich region dlmothylamlne is much more effoctlve.— The results with
gthylencdiamine were. qulte erratic and not reprodu01blo. This irrugular ;
behavior seemed to be peculiar to ethylcnedlamine. Two tosts vere: e
run with this emine but.only the results.of the .second best are shown. - ..

N
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Unpublished tests of 4 percent of each of various amines added
to AN-F-28, Awendment-2, fuel with no internal cooling were made
undor the ssme conditions as the tests of this report. The results
shcwed that triethylamine end butylemine werc proknock agents for
all fuel-air retios, and that dicthylamine was & prokuock agent for
fuel-air ratios less than 0.095. These results arc in agreumsnot
with these of this report. ’ ‘

Tabl: I sumaerizos some of the deta of figure 3 ‘and shows the
relative knock-limited powers roesulting from the addition of various
amines to wator when used as inturnal coolants.

The cffects of excess fuel and internal coolant (in addition to
that required to prohibit knock) on the power werustudied with the
aid of dimethylamine-water sclution. 4 krock-limited point was
first obtained in the rich region with a coclant-fuel ratio of 0.75,
and the coclant and fuel flovs were then vearied eithser altcrnetely
or in propcruion while the air flow was held constant. This pro-
cedure was repeated at three additional knock-limited points.

The results of these variations~are precented in figurc 4

vhere the indicated mean sffective pressure is plotted against fucl-
air ratic and ageinet ligquid-air ratio. In figure 4(a) dotted lines
have becn faired in to indicate whore the power is epproximatcely
20 percent of the powsr at the starting knock-limited point. The
four. knock-limited p01ntb vary scmevhat from.the curve of figure-2,
This discrepancy might be caused by thc fact that the knock-limited

01nts of figure 4 were not run consecutively and werc taken 1n a
range wherc.considerable scatter is usually encountered

-Figurc~4(b) shows that a given incroase in the coclant flow
caused less drop in power than an equal incrcasc in the fuel flow.
Paradoxically, at a constant fucl-air ratio (fig. 4(a)) the curves
of con@tant coolant-fuel ratio usually gave loWer power outputs A
than did the constant coolant-flow curves, probably because the
liguid flow was greatsr,

SUMMARY OF RESULTS

The results of tests of water solutiems of six»aliphatic,aminos
as internal coolants in a CFR‘engine'may be summarized as follows:

1. A 25-porcent solutlon of - dlrthylamlno triothvlamlno, orj* o
but;lamin, in water when used as an internal coolant reaulted in &
lower knock-limited power than that obtained with water alone for
fusl-air ratios between 0.055 and 0.095.
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2. A 25-percent solution of ethylencdiamine in water when used
as an internal coolant permitted a knock-limit~d power that was
slightly greater in the lean region ncar the stolchiomctric mixturce
and was considerably less in the rich region than the power obtained
with the use of dlmetnylamlne.

3. A knock-limited indicatod mean effoctive pressure of
1024 pounds pur sguare inch was obtained at a fuel-air ratio of
0.093 when using dimcthylaminc-water solution at a coolant-fuel
ratio of 0.75. When this power was reachod the air pressurc in the
intake to the ensine was the maximum aveailable from the laboratorj
intake-air systcm.

4, An excess of dxmechy1°m¢no water solution over that recuired
to sliminate knock causcd less decrease in the power than a similar
excssg of AN-F-28, Amendment-2, fuel. ' '

Alrcraft Engine Rescarch :aborato;v
National Advisory Committec for Aeronautics,
Cleveland, Ohilo.
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TABLE I - RELATIVE KNOCK-LIMITED POWERS RESULTING FROM
THE USE OF IN[TRNAL-~COOLANT ADDITIVES IN WATEHR
AT A COCLANT-FUEL RATIC OF 0.50
[CFR ungine; AN-F-28, Amcndment-2, fuel; cngine speed,
2500 rpm; compression ratio, 7.0; spark advance

30° B.T.C.; inlet-air temperaturc, 250° F; Jacket
temperature, 250° F ]

Internal- Percentageiimep (fuel + water + additive)
coolant additive imep (fuel + weter alone)
addivive in coolant Fuel_aﬂr rutloa
solubion o 65T0.06]0.0710.08/0.09]0.10
(wt)
None 410 1.0011, OO;l QO,L Qp lgﬁﬂj:QQ_m
Moncmethyl- 32 1.6411.3211.3% l 4271.8112.42
amine A RS o i
Dimethyl- 26 1.5411.41:1.4611.82{2,08{2.58
| _amine
Ethylenc- 25 1.81:1.6111.38[1.44}1.45|1.42
| diemine |
Diethyl- 25  [1.0910.86/0.77[0.92]0.9611.07
aminc . : S R
Triethyl- 25 ——-—YO 92,0.71 0.8010.8410,83
_..amnine B SN WO [— -
Butylamine 25 1.02{0.820.900,93{0.93{0.96

a .

The amines were not considered as fuels and thoir heeats
of combustion were nocglected in couwputing the fuel-
ailr ratios,

National Advisory Committec
for Acronautics '
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Figure 1. - Modified cylinder for o CFR engine.
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(a) Concluded. Water and water solutions of monomethylamine and dimethylamine.

Pigure 3. - Continued., Effect of internal coolants on the knock-limited engine performance with a coolante
fuel ratio of 0.50. CFR engine; AN-F-28, Amendment-2, fuel; engine speed, 2500 rpm; cgnpression ratio,
7.0; epark advance, 30° B,T.C,; inlet-air temperature, 250° ¥; Jacket temperature, 250 ¥,
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(b) Water and water solutions of othylenodianine, diethylamine, triethylamine, anid butylemine.

Pigure 3. = Contimmed. Effect of intermal coolants on the knockelimited engine performance with a coolante
fuel ratio of 0.50. CFR engins; AN-F«28, Amendment-2, fuel; engine spoed, 2500 rm; compression
ratio, 7.0; spark advance, 30° B.T.C.; inlet-air temperature, 250° F; Jacket temperature, 250° F.
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(b) Concluded. Water and water solutions of ethylenedjiamine, diethylamine, triethylamine,
and butylamine,
Figure 3. - Concluded, Effect of internal coolants on the mock=-linited engine performance with a coolant-
fuel ratio of 0.50. CFR engine; AN-~F-28, Amendment-2, fuel; engine speed, 2500 rpm; compression
ratio, 7.0; spark advance, 30° B.T.C.; inlet-air temperature, 250° F; jJacket temperature, 250° ¥.
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(a) Indicated mean effective pressure againsgt fuel-air ratio.

Figure 4. - Effect of variations in the fuel flow and coolant flow at constant alr flow on the
povwer output, Internal coolant, dimethylamine-water solution; CFR engine; AN-P-28, Amendment-2,
fuel; engine speed, 2500 rpm; compression ratio, 7.0; spark advance, 309 B.T.C.; inlet-air
temperature, 250° F; jacket temperature, 250° .F, .
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(b) Indicated mean effective pressure against liguid-eir ratio.
Figure 4. - Concluded. Effect of variations in the fuel flow and coolant flow at constant air flow on the e
pover output. Internal coolant, dimethylamine-water solution; CFR engine; AN-F~28, Amendment-2,
fuel; engine speed,2500 rmm; compression ratio, 7.0; spark advance, 30° B.T.C.; inlet-air
temperature, 250° F; jacket temperature, 250° F. . .




